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Abstract  
Polarization of light signifies transversal, anisotropic and asymmetrical statistical 
property of electromagnetic radiation about direction of propagation. Traditionally, 
optical-polarization is characterized by Stokes theory susceptible to be insufficient in 
assessing polarization structure of optical quantum fields and, also, does not decipher 
twin characteristic polarization parameters (‘ratio of real amplitudes and difference in 
phases’). An alternative way, in spirit of classical description of optical-polarization, 
is introduced which can be generalized to deal higher-order polarization of quantum 
light, particularly, prepared in non-Guassian Schrodinger Cat or Cat-like states and 
entangled bi-modal coherent states. On account of pseudo mono-modal or multi-
modal nature of such optical quantum field, higher-order polarization is seen to be 
highly sensitive to the basis of description. 
PACS numbers: 42.25.Ja, 03.65.Ca, 42.50.Dv, 03.65.Yz.  
 
Introduction. -Polarization is an intrinsic trait of paraxial optical field ensuring its vectorial 
transversal nature. It offers a resilient degree of freedom paving ways for showcasing novel 
experiments in Quantum Optics [1]. The study of polarization of a beam of light witnessed two 
extreme states, perfect-polarized light and unpolarized light between which infinitely many states of 
neither polarization exist. Traditionally, Stokes parameters, discovered by G. G. Stokes in 1852 [2] 
and interpreted geometrically by H. Poincare in 1892 [3] on a three dimensional sphere, quantify the 
states of polarization of optical field and is revered as a didactic theory in classical optics. In 
transiting to quantum regime these parameters acquired the roles of operators, namely, Stokes 
operators [4] of which quantum average values specify the states of polarization of optical quantum 
fields. 
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In 1971 rigorous investigation of quantum nature of unpolarized light is carried out [5, 6] by 
determining structure of density operator in Fock-state representation which characterizes its general 
statistical properties. Renewed interests [7] in unpolarized light garnered new insights regarding its 
nature and state-tomography [8]. Soon after perfect polarized state of a plane monochromatic light 
beam is characterized by determining its density operator in diagonal coherent-state representation 
[9] through demand of vanishing amplitude (signal) in, at least, one orthogonal mode after passing 
through a compensator followed by a rotator, i.e., through SU(2) transformations. Earliest [5] as well 
as recent noteworthy studies [10] on optical-polarization brought forth inadequacy of Stokes theory. 
Moreover, a unified second-order theory of coherence and polarization of stochastic optical field 
[11], accounting for the changes in states of polarization of light on propagation [12], is developed 
by recognizing the fact about Stokes parameters that they imbibe correlations at an arbitrary spatio-
temporal point.  
Scrutiny of multi-photon quantum interference experiments [13] exposed that higher-order 
intensity-correlations in transverse plane may exhibit anisotropic non-vanishing values revealing 
asymmetry about direction of propagation and, thereby, displaying polarization structure where, 
again, Stokes parameters mislead by assigning vanishing values to themselves. Polarization of such 
optical fields [14] is characterized by nine parameters arranged in Hermitian matrix which, having 
entries defined by correlations of the intensities in orthogonal polarization modes, underscored fourth 
- order polarization effects. Furthermore, it is articulated [15] that the state of polarization of bi-
modal optical quantum fields can, solely, be characterized by correlation functions involving equal 
numbers, say N, of bosonic annihilation operators to those of creation operators of which 
measurements are prescribed through reconstruction of the polarization sector of the density matrix. 
Recently, an operational scheme [16] is proposed to measure such correlation functions by 
establishing that these arbitrary N
th
-order correlation functions can be measured by N
th
-order 
intensity moments. Also a judicious operational criterion [17] is laid down in terms of minimal 
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fluctuations of Stokes parameters on the Poincare sphere which, tacitly, encompasses fourth-order 
correlations among optical field amplitudes. Rational observations to such higher-order correlation 
functions point out a fundamental issue stemming from its very definition pertaining to involvement 
of only equal numbers of bosonic annihilation operators to those of creation operators, a critical 
condition dictated by phase-insensitive optical measurements based on photon-detection probabilities 
[18]. Also quantum Stokes theory or its higher-order version is so far applied only to Guassian 
optical fields such as coherent states [19] and squeezed-vacuum states [20], where general 
correlation functions having unequal powers of bosonic annihilation and creation operators vanishes 
[21]. Although the measurement of these most general correlation functions is proposed by 
employing balanced homodyne correlation measurements and, also, their relevance is extensively 
researched to display non-classical properties of optical fields [22], their importance in studies of 
optical-polarization of non-Guassian optical fields received little attention. We urged that their roles 
get exemplified only when one attempts to seek the inherent spatio-temporal nature of characteristic 
polarization parameters. Furthermore, it may be noted that study of optical-polarization of non-
Guassian quantum states such as non-classical Schrodinger Cat states [23] or Cat-like states [24], 
entangled bi-modal coherent states [25] are not yet explored and remains unaddressed.  
Quite recently, by generalizing circular polarization basis of spin angular momenta to that of total 
optical angular momentum, analogous Stokes-parameters for vector vortex beam [26] are constructed 
classically to describe the state of polarization for such non-paraxial optical fields. Explicitly, such 
generalization presumes that Stokes parameters (operators in quantum theory) are equivalent to 
Jordon-Schwinger spin angular momenta [27] leading to vectorial addition to orbital angular momenta 
of the three-dimensional optical field. But, it is critically observed that Stokes operators find distinct 
sort of Hilbert space [28] for its operation vis-a-vis to that of spin-angular momenta. Such critic 
offers, therefore, a moot point whether Stokes parameters can be generalized in quantum regime to 
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describe states of polarization of optical non-paraxial fields of which description witnessed some 
alternative proposals in the literature [29]  
Numerous computable-measures, based on the abstract notion of ‘distance’ between quantum state in 
question to that of unpolarized optical field in Hilbert space [30] as well as in quantum phase space 
[31] are introduced giving optional expressions for degree of polarization for the same quantum 
light. Evidently, these approaches are well-strategized, yet it does not figure out endowed 
relationship between amplitudes and phases of transverse orthogonal optical field modes and, also, 
vitally, doesn’t correspond to classical-description of optical-polarization. 
Moreover, recent trends in Quantum Optics ushered new physical effects such as quantum 
imaging, ghost imaging and spatio-temporal multipartite entanglement [32] which can only be 
construed bearing in mind the spatio-temporal features of optical field, its quantum state engineering 
and basis-based measurements. Variances of Stokes parameters or ‘special’ higher-order correlations 
took little heed to the innate messages preserved in statistical spatio-temporal properties of the 
optical field. This negligence has not encountered any severe inconclusiveness regarding the of state 
of polarization by Stokes theory in Classical Optics and, to some extent, in Quantum Optics, when 
Guassian light’s polarization is under consideration. But, one may posit that an alternative 
characterization of optical-polarization relying on imperceptible spatio-temporal variations of real 
amplitudes and phases is imperative for non-Guassian light of which representative example is 
entangled bi-modal coherent states where Stokes theory seems susceptible to ascertain its states of 
polarization in entire regimes [33]. 
Our perspective on the theory of polarization of light is rooted in firm adherence to classical-
description, i.e., by the superposition of two synchronous orthogonal harmonic oscillators resembling 
dynamically two transverse orthogonal components of a harmonic electromagnetic plane wave 
preserving non-random values of ‘ratio of real amplitudes’ and ‘difference in phases’. In quantum 
regime an optical-polarization operator has been worked out by invoking the fact that if light were 
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perfectly polarized in a specific mode, signal (photons) would be absent in orthogonal mode [34]. 
This optical-polarization operator deciphers the ‘characteristic polarization-parameters’[35] for 
perfect polarized light, i.e., the non-random values of the ‘ratio of real amplitudes’ and ‘difference in 
phases’ specifying a point on Poincare sphere without relying on quantized nature of phase [36].  
We, in this letter, generalize theory of optical-polarization which introduces a notion of higher 
(n
th
) order optical-polarization (HOOP) by demanding that, for a single mode paraxial optical field, 
the ratio of complex amplitudes in transverse orthogonal modes is random but all its multiple-
exponents of some least positive integer, say, ‘n’ are non-random parameters. This definition of 
HOOP is applied to extract the characteristic polarization parameters of optical field in non-classical 
Schrodinger Cat or Cat-like states and entangled bi-modal coherent states. Higher-order polarized 
light is seen not to be a mono-modal optical field as it reveals uncanny nature that ‘order of 
polarization’ is sensitive to the basis of description.  
Generalization in optical-Polarization.-A plane monochromatic optical field propagating 
rectilinearly along z-direction in free space can, in general, be described by vector potential, A in the 
form, 
A  e A	cos ψ     eA	cos ψ  , ψ   ωt  kz, 
or in analytic-signal representation,  
       e    e eψ, , = A	,	 e,                                           (1) 
where ,  are classical complex amplitudes; A	,	, real amplitudes and phase parameters, , 
(0 ! , " 2π) possess, in general, random spatio-temporal variation with angular frequency, ω in 
linear polarization basis e, e of transverse plane, k  (= ke% is propagation vector of magnitude 
k, and e,,% are unit vectors along respective x-, y-, z-axes forming right handed triad. Usually, 
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optical-polarization is quantified by instantaneous Stokes theory. A simple classical argument may 
be placed to demonstrate inadequacy of Stokes theory at any spatial point. Stokes parameters are 
expressed as s	,&= <A	' ( A	' > = <|Ay|2 ( |Ax|2>; s'  is* =2+A	A	e, = 2<   A
*
>, 
where the angular bracket, < > denotes the average over ensemble of realizations of complex 
amplitudes,  Ax,y at any spatio-temporal points . Notably, unpolarized light is characterized by the 
values s0 - 0, s1 = s2 = s3 = 0. Let us consider an experiment in which amplitude-coherent, phase-
randomized bi-modal optical beam propagating along z-axis (Eq. 1) is allowed to incident on a 
polarizer which extracts the linearly polarized component inclined at an angle θ with the x-axis, 
A/  Acosθ  Asinθ, followed by a non-linear crystal producing in its output second harmonic 
signal with a detector for the same. The detector would detect “square of intensity”, proportional to 
<  A1
*2 A1
'
>. Simple straightforward calculation reveals that <  A1
*2 A1
'
> = 
 A45
5  65-cos 4θ], where 
A	   A	  A	  are taken, ensuring asymmetrical statistical properties (polarization structure) of 
considered optical field about direction of propagation, z-axis and, therefore, breaking cylindrical 
symmetry, for light to be unpolarized. But, if Stokes theory were applied to characterize the state of 
polarization, it would result in the unpolarized state due to random nature of phases, , making all 
parameters to have vanishing values except s0, a paradoxical tailspin. Evidently, Stokes theory 
misleads in assessing the state of optical-polarization, especially, when the higher-order correlations 
of optical-field variables are critical [37].  
 
We contrived a primitive property of perfect polarized optical field, namely, the non-random ratio 
of complex amplitudes of transverse orthogonally polarized modes in, say, linear- polarization basis 
and defined it as ‘index of polarization’ (IOP) [34], i.e.,  ⁄  = p, a non-random complex 
parameter, which renders characteristic polarization - parameters (‘ratio of real amplitudes’ and 
‘difference in phases’). Clearly, polarized optical field (i.e., non random, p is known) is a mono - 
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modal since only one random complex amplitude suffices for its complete statistical description 
(other orthogonal complex amplitude is specified through p). Moreover, if one introduces new 
parameters, A	 (real random amplitude defining global intensity), χ	 (polar angle), ∆	 (azimuth 
angle),  (random global phase) on a Poincare sphere, satisfying inequalities 0 ! A	, 0 ! χ	 ! π, 
8 " ∆	 ! 8, 0 !  " 28, respectively, involving transforming equations in terms of old 
parameters,  A	  A	'  A	' & '⁄ ,  χ	  2 tan&A	 A	⁄  and ∆	    ;      2⁄ , 
the analytical signal, , in Eq. (1), yields a self-instructive form, 
     ε	;   eΨ;  = A	 e, 
 ε	   ecos ;4' e
<4 '⁄   esin ;4' e
<4 '⁄ .                                                (2) 
 
The form of vector potential,  in Eq. (2) may be interpreted as a single mode polarized optical 
field, statistically explicable by single complex amplitude,   polarized in the fixed direction, ε	 
determined by non-random angle parameters χ	 and ∆	 on the Poincare sphere specifying the 
polarization mode, ε	, k) and demarcating itself from spatio-temporal mode ψ   ωt  kz. Here, the 
complex vector ε	 is a unit vector (ε	=  . ε	  1) giving expression of IOP on Poincare sphere, 
p   ⁄   tan
χ4
'  e
∆4 . Visibly, the state of optical-polarization is specified by the non-random 
values of p, which, in turn, is fixed by non-random values of χ	 and ∆	 defining a point ε, on the 
unit Poincare sphere, similar to its counterpart Stokes parameters. All typical ellipsometrical-
parameters such as orientation angle and eccentricity of the polarization-ellipse can be determined if 
p of optical field and one complex amplitude are specified.  
The linear polarization basis, (ex, ey) doesn’t enjoy privileged position in conventional theory as the 
elliptic-polarization basis (ε, εA), under suitable SU(2) polarization transformations [38], may be 
degenerated into linear-polarization basis (ex, ey) and circular polarization basis (eR, eL), eR,L 
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D
√Fe ( i e. Also, the elliptic-polarization basis, ( ε, εA) facilitates generality in the formulation in 
which polarized light (Eq. 2) retain IOP, pG,GH, another non-random parameter showing vivid 
dependence on ε	,  
pG,GH  GH G ⁄  
GH= .G4
G=.G4
,                                                                           (3) 
where εA is orthogonal complex unit vector  εA= . εA  1,  εA= . ε  0. This formula caters 
interchangeability of IOP’s between different polarization bases of descriptions. Polar 
parameterization of complex amplitudes G and GH by G  A	G  exp iG, 
 GH   A	GH expJiGHK, with real-amplitudes A	G , A	GH and phase-parameters G , GH, the Eq. 
(3) reveals that a polarized light maintain non-random values of (i) ‘ratio of real amplitudes’, 
A	LH/A	G, and (ii) ‘difference in phases’,  GH  G,  deciphering characteristic polarization 
parameters. Recently, one of the authors and others [39] studied the generation of Hidden optical-
polarization, by spatially structured bi-modal coherent light as a pump, in degenerate parametric 
down conversion in which instead of non-random values of characteristic polarization parameters 
one has non-random values of (i) ‘ratio of real amplitudes’ and ‘sum of phases’ contrary to 
‘difference in phases’ for usual polarized light. The Stokes theory for such kind of optical field 
assigns the status of the unpolarized state which is shown not to be true fact because it is a mono-
modal optical field with peculiar transversal structure. 
The concept of HOOP is introduced by demanding non-random values of all multiple-exponents of 
some positive integer, say, n of the ratio of complex amplitudes  unless it takes unit value. The IOP, 
characterizing light in n
th
 -order optical-polarization, may be termed as, 
pG,GH,N O GH G⁄ n.                                                                              (4) 
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The positive integer, n takes unit value for usual polarized light (cf. eq. 3). For HOOP, where n is 
necessarily greater than unity, the random value of the ratio, GH G⁄  and non-random value of nth-
exponent of the ratio, GH G⁄ n = pG,GH,N  PpG,GH,N P exp i∆G,GH,N, demonstrates that while 
ratio of real amplitudes, A	LH/A	L has a non-random value,  PpG,GH,N P
&/N
, difference in phases, GH- 
G may have equally likely values among ‘n’ non-random values, &N J∆G,GH,N   2rπK with r = 0, 1, 
2,…(n-1), in steps of (2π/n). Evidently, these many values of phases make HOOP to abide by weird 
polarization nature and, hence, not a mono-modal optical field contrary to the conventional perfect 
polarized light which is ascertained by single non-random ratio of real amplitudes and non-random 
difference in phases in the elliptic-polarization basis (ε, εA). 
One may develop quantum theory of HOOP on a similar classical lineage. In Quantum Optics the 
optical field, Eq. (1) is described by operatic-version of vector potential operator, S T'UVWX
&/'
6ex 
a+ ey aY eZ  h. c.] = T'UVWX
&/'
6ε aG+εA aGHeZ  h. c.], in linear-polarization basis e, e or 
in elliptic-polarization basis (ε, εA), respectively, where ω is angular frequency of the optical field 
and V is the quantization volume of the cavity, h.c. stands for Hermitian conjugate. Using 
orthonormal properties of complex unit vectors ε Y εex + εey) and εA εAex + εAey) the 
annihilation operators aL (aLH) are related with those in linear-polarization basis e, e by the 
expressions  aG = ε=  a + ε=  a, aGH  εA=  a    εA=  a, satisfying usual Bosonic-commutation 
relations. 
The pure dynamical state of a monochromatic optical beam, propagating along z-axis and polarized 
in the mode, ε	, k), may be specified by a state vector |]ψ,] in Hilbert space. Evidently, such light 
doesn’t have signal (photons) in orthogonal mode ε	A, k, i.e.,  
aG4H|
]ψ,] = 0,                                                                                              (5) 
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which yields, on applying the above expression for aG4H, ε	A
=  a  ε	A=  a|]ψ,] = 0. Refurbishing by 
orthogonality relation between ε	 and ε	A, one obtains the defining equation for perfect optical-
polarization,  
a |]ψ,]  pa|]ψ,],                                                                                       (6) 
which is the quantum analogue to the classical perfect polarization criterion,   p, giving p 
= ε	 ε	⁄  ( tan ;4' e
^<4 , from Eq. 2). Casting Eq. (6) in elliptic-polarization basis (ε, εA), yields 
aGH|]ψ,]   pG,GHaG|]ψ,], upon which repetitive applications by annihilation operator ‘r’-times (r, any 
positive integer) reproduces, 
(aGHd|]ψ,]   pG,GH,d aGd|]ψ,].                                                    (7) 
We set up the quantum version of the classical criterion for HOOP (see Eq. 4) by demanding, 
(aLHN|]ψ,]   pL,LH,NaLN|]ψ,],                                                                  (8) 
for the least multiple value n of the positive integer, r. It is evident that for n = 1, usual optical-
polarization results (cf. Eq. 6) revealing that conventional theory of optical-polarization is first-
order HOOP. For n > 1, defining criterion for HOOP, Eq. (8) is fulfilled only when n is the least 
multiple of positive integer r. On the other hand for mixed state of optical field described by the 
density operator, ρ, prescription, Eq. (8) assumes the form, (aGHNρ   pG,GH,NaGNρ. Expressing 
density operator ρ in Glauber-Sudarshan P-representation [40], 
ρ  f d'α  d'β Pα, βP]α, β,G,GH ] +α,]G,GH ] β|, in the basis of bi-modal quadrature coherent states, 
P]α, β,G,GH ] satisfying familiar eigenvalue equations, JaG , aGHKP]α, β,G,GH ]   α, βP]α, β,G,GH ], where 
α, β are classical complex amplitudes along the polarization modes ( ε,  k and εA, k) respectively, 
we obtain quasi-probability function, Pα, β  k'βN    pG,GH,NαN, two-dimensional Dirac-delta 
function, defined for a complex number z = x + iy by expression, δ'z  δ'xδ'y, which 
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provides IOP, pG,GH,N  βN αN⁄ . Writing IOP, p in polar form, pG,GH,N  PpG,GH,NPexp i∆G,GH,N 
and polar decompositions of classical complex amplitudes, α, β, one may extract the same property 
of HOOP as in classical theory, i. e., the ratio of real amplitudes has single non-random value, 
npG,GH,nn
1 n⁄
 and the phase difference might pick up any one of the ‘n’ non-random values 
&
N ∆G,GH,n   2rπ with r = 0, 1,… (n-1) in elliptic polarization basis, ε, εA. 
Typical instances of HOOP-states.- Stokes seems to be incapable in quantifying polarization 
properties of bi-modal optical non-Guassian Schrodinger Cat states or Cat-like states and 
experimentally generated entangled bi-modal coherent states [41]. If bimodal optical field is 
prepared as to be in coherent state in one mode and other mode is in odd or even coherent state [42], 
i.e., if |]ψ,]( o  |]α,]x|]β, ( |]β,]] , one obtains, a'|]ψ,](  β' α'a'⁄ |]ψ,]( , similar to Eq. (8) but not 
relation of the form, a|]ψ,](  pa|]ψ,]( for usual perfect polarized light (see Eq.6). So, the optical 
field, |]ψ,]( is attributed to possess second-order HOOP in the linear polarization basis e, e with 
IOP, pJp,pK,' O β
' α'⁄ . Examples of still higher HOOP states of light are provided when the 
optical fields are in |]ψ,]( o  |]α,] |]β, (  |]β=,]] , if  qr is real, one gets aN|]ψ,](  βN αNaN⁄ |]ψ,]( 
and, therefore, |]ψ,]( are ascertained to be polarized in the nth order in the basis Je, eK with IOP, 
pJs,sK,n O β
n
αn⁄ . Moreover, if both polarization modes, ε and εA components are Cat states or 
Cat-like states, |]ψ,]  J∑ cuDP]αe'vuD ND⁄ ,]
ND&
uDw	 KG  J∑ duFP
]βe'vuF NF⁄ ,]NF&uFw	 KGH , it displays n
th
 order 
polarization, where n being least common multiple of both positive integers n1 and n2.  
Writing entangled bi-modal coherent states [41] in a linear polarization basis Je, eK, P]ψ,] 
xsin yF  |]α, α ,], – cos yF P– ]α, α ,],  cos yF |]α, α ,],  xsin yF P– ]α,  α ,],, where |]α, α ,], 
 |]α ,]|] α ,], etc., we obtain a'P]ψ,]  a'P]ψ,], revealing that P]ψ,] is in 2nd- order HOOP.  
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The ‘statement of the basis’ in theory of HOOP offers a pivotal point which, in contrast, imparts a 
trivial implication in theory of usual optical-polarization [43]. For HOOP light in one basis may not 
be even polarized in any order in some other basis, or may be polarized with different order in some 
variant basis. As a revelation of this nature, one may observe that light, being in the pure state 
|]ψ,] o P]i√3 α,] |]α,]   |]α,]  and satisfying a'|]ψ,]  1 3⁄ a'|]ψ,], is polarized in the 2nd-order 
with IOP, p = 1 3⁄  in the basis Je, eK, while in the polarization basis e(  Je ( eK √2⁄ , 
following Heisenberg convention and the expression, a*  a|*  3aa'  D}a'), one obtains 
a* |]ψ,]  a|* |]ψ,]  which displays polarization in 3rd-order with polarization index 1 in the basis 
e|, e. The genesis of huge dependence of order (nth) on bases of polarization, i.e., existence of 
preferential basis for its manifestation seems to be a peculiar feature of the HOOP which, intimately, 
originates from many (n) values of non-random phases revealing that HOOP light is an example of 
pseudo mono-modal or multi-modal optical field. 
In conclusion, the concept of Higher-order polarization of light is introduced by generalizing the 
basic property of perfect optical-polarization, i.e., the least multiple-exponent, say, positive integer n 
raised as to the power of ratio of complex amplitudes of polarized components in transverse 
orthogonal modes to be non-random parameter. The efficacy of criterion for HOOP (see Eq.8) is 
exemplary as it deciphers not only characteristic polarization parameters of light but also discerns the 
higher-order polarization nature. The criterion of HOOP presents a simple computable 
characterization measure applicable to almost each bimodal quantum states of light. The transition of 
quantum states revealing HOOP from Hilbert space to quantum phase space highlights the critical 
importance of its pseudo mono-modal or multi-modal character, which will be taken as a resource for 
Higher-order Wigner distribution function foisted on polarization description of entangled bi-modal 
coherent states [44]. 
We acknowledge the illuminating discussions with Professors N. Chandra and R. Prakash, 
University of Allahabad, Allahabad, India. One of the authors (RSS) gratefully indebted to Prof. 
13 
 
Vijay A. Singh, HBCSE, Tata Institute of Fundamental Research, Mumbai, India, and Prof. Surendra 
Singh, Department of Physics, University of Arkansas, Fayetteville, AR (USA) for invoking 
inspiring comments.  
#yesora27@gmail.com 
References 
[1] M. Rådmark et al., New J. Phys. 11 (2009)103016; K. J. Resch et al., Phys. Rev. Lett. 98 (2007) 223601; M. Barbieri 
et al., Phys. Rev. Lett. 91 (2003) 227901; D. Bouwmeester et al., Nature 390 (1997) 575; K. Mattle et al., Phys. Rev. 
Lett. 76 (1996) 4656, C. H. Bennett et al., J. Cryptology 5 (1992) 3. 
[2] G. G. Stokes, Trans. Cambridge Philos. Soc. 9 (1852) 399. 
[3] H. Poincare, Theories’, Mathematique de la Lumiere, Vol. 2, Paris, Georgescaree, 1892.  
[4] E. Collett, Am. J. Phys. 38 (1970) 563. 
[5] H. Prakash and N. Chandra, Phys. Rev. A 4 (1971) 796; Phys. Lett. A 34 (1971) 28. 
[6] G. S. Agarwal, Lett. Nuovo Cim. 1 (1971) 53. 
[7] J. Lehner et al., Phys. Rev. A 53 (1996) 2727; G. S. Agarwal et al., Opt. Commn. 129 (1996) 369; J. Soderholm and 
A. Trifonov, Opt. Spectrosc. 91 (2001) 532. 
[8] D.S. Kra~hmer and U.Leonhardt, Phys. Rev A 55 (1997) 3275. 
[9] C. L. Mehta and M. K. Sharma, Phys. Rev. D 10 (1974) 2396. 
[10] T. Tsegaye et al., Phys. Rev. Lett. 85 (2000) 5013; P. Usachev et al., Opt. Commn. 193 (2001) 161; A. Sehat et al., 
Phys. Rev. A 71 (2005) 033818. 
[11] E.Wolf, Phys. Lett. A 312 (2003) 263; E. Wolf, Introduction to the Theory of Coherence and Polarization of Light, 
Cambridge University. Press, 2007. 
[12] D. F. V. James, J. Opt. Soc. Am. A 11 (1994) 1641; F. Gori et al., Pure Appl. Opt. 7 (1998)941. 
[13] D. N. Klyshko, Phys. Lett. A 163 (1992) 349. Here, two inequivalent and unlike phenomena : ‘hidden polarization’ 
and higher-order polarization (Malus laws) are coined. It is suggested in Ref. [30], G. Bjork et al., Opt. Commn. 
283, 4400 (2010), that ‘it would be better to prescribe the term ‘higher-order polarization’ in lieu of ‘hidden 
polarization’.  
[14] D. M. Klyshko, JETP 84 (1997) 1065. 
[15] M. G. Raymer et al., Measuring the quantum polarization state of light, in Quantum Communication, Computing 
and Measurement 2 Eds. by P. Kumar, G. M. D’Ariano, and O. Hirota, Kluwer Academic / Plenum, NY, 2002, pp. 
147-155. 
[16] U.Schilling, J.von Zanthier and G.S.Agarwal, Phys. Rev. A 81 (2010) 013826. 
[17] A. B. Klimov et al., Phys. Rev. Lett., 105 (2010)153602. 
[18] R. J. Glauber, , Phys. Rev. 130 (1963) 2529; ibid, 131.(1963) 2766. 
[19] N.V. Korolkova et al., Phys. Rev. A 65 (2002) 052306; W.P. Bowen et al., Phys. Rev. Lett.88 (2002) 093601. 
[20] G. S. Agarwal and S. Chaturvedi, J. Mod. Opt. 50 (2003) 711. 
14 
 
[21] L. Mandel and E. Wolf, Optical coherence and quantum optics, Cambridge University Press, 1995, pp 424-428. 
[22] W. Vogel, Phys. Rev. Lett. 67 (1991) 2450; Phys. Rev. A 51 (1995) 4160; H. J. Carmichael et al., Phys. Rev. Lett. 
85 (2000) 1855; E.V. Shchukin and W. Vogel, Phys. Rev. A 72 (2005) 043808; Phys. Rev. Lett. 95 (2005) 230502; 
Phys. Rev. Lett. 96(2006) 200403; W.Vogel, Phys. Rev. Lett. 100 (2008) 013605. 
[23] E. Schro~dinger, Naturwissenschaften 23(1935) 812. 
[24]K. Tara, G. S. Agarwal, and S. Chaturvedi, Phys. Rev. A 47 (1993) 5024, G. V. Varada and G. S. Agarwal, Phys. 
Rev. A 48 (1993) 4062.  
 
[25] B. C. Sanders, Phys. Rev. A 45 (1992) 6811; Chin-lin Chai, Phys. Rev. A 46 (1992) 7187; B.C. Sanders, 
arXiv:1112.1778v1 [quant-ph]. 
[26] Giovanni Milione et al., Phys. Rev. Lett. 107 (2011) 053601. 
[27] J. Schwinger, Proc. Nat. Acad. Sci. USA 46 (1960) 570. 
[28] V. P. Karassiov,  J. Phys. A 26 (1993) 4345. 
[29] B. N. Simon et al., Phys. Rev. Lett. 104 (2010) 023901; X-F. Qian and J. H. Eberly, Opt. Lett. 36(2011) 4110.  
[30] A. B. Klimov et al., Phys. Rev A 72 (2005) 033813; G. Bjork et al., Opt. Commn. 283 (2010) 4400. 
[31] A. Luis, Phys Rev. A 66 (2002) 013806. 
[32] M. I. Kolobov (editor), Quantum Imaging, Springer, New York, 2006; B. I. Erkmen and J. H. Shapiro, Phys. Rev. A 
77 (2008) 043809; M. I. Kolobov and G. Patera, Phys. Rev. A 83 (2011) 050302(R). 
[33] The Even (+) and odd (-) entangled coherent states may be expressed as |]Ψ,] = N(α, β6|]α, β,] ( |]α, β,], where 
N(α, β  621 ( exp Iu& '⁄  are normalization constants with Iu  2|α|'  |β|' is global intensity. 
The Stokes parameters may be derived to have expressions, s	( = Tr[ ρ S	] = Tr[ ρ a a  a aY] = 
&
'  u T
& s
&( sX; s&( = Tr[ ρ S&] = Tr[ ρ a

 a  a aY ] = 
&
'  T
& s
&( sX; s'( = Tr[ρS'] = Tr[ρ(a

 a 
aa] = 2T& s

&( sX |α||β|cos arg α  arg β; s*(= Tr[ ρ S*] = Tr[ ρ (i)( a

 a  aa] = 
2T& s

&( sX |α||β|sin arg β  arg α, where  =2|α|
'  |β|' and ρ is the density operator of entangled 
coherent states. Surprisingly, Stokes parameters intricately depend on intensity of light, an uncanny feature of non-
Guassian entangled Coherent states. One encounters a paradoxical situation for even (+) entangled coherent states 
because in few photonic regime (|α|  |β|  0 because all Stokes parameters attain vanishing values and, for 
intense optical field (|α|  |β|  ∞), they possess values, s	|  ∞, s&|  0, s'|  ∞, s*|  0. Similarly, for odd 
(-) entangled coherent states Stokes parameters in few photonic regime are s	_  1, s&_  0, s'_  1, s*_  0 
(polarized) but in intense optical field s	_  ∞, s&_  0, s'_  ∞, s*_  0.  
[34] H. Prakash and Ravi S. Singh, J. Phys. Soc. Japan, 69 (2000) 284. 
[35] A. Peres, Quantum Theory: Concept and Methods, Kluwer Academic Publisher, London, U. K., 2002, p.09. 
[36] D. T. Pegg  and  S. M. Barnett, J. Phys. A, 19 (1986) 3849; Euophys. Lett. 6 (1988) 483; J. Mod. Optics 44(1997) 
225. 
[37] Density operator of such an optical field would be ρ = 
&
'vA4F
f d'α d'α δ|α|  A	δPαP  A	|α, α,+α, α|, 
where A	 is a real amplitude (constant), |α, α, are coherent states defined by (a, a) |α, α, =(α, α |α, α,, 
and a, are annihilation operators for photons linearly polarized along x-and y- axes respectively, and propagating 
15 
 
along z-direction. We obtain the same statistical property (square of the intensity) rendering polarization structure as 
Tr[ρ a/†2 a/2 ] =  A4
5
5  65-cos 4θ], provided that a/ ≡ a  cosѳ + a  sinѳ. But, on account of random nature of phases of 
α, , Stokes parameters s1, s 2, s 3 are all zero except s0. 
[38] R. Simon and N. Mukunda, Phys. Lett. A 143 (1990) 165. 
[39] Gyaneshwar K. Gupta, Akhilesh Kumar and Ravi S. Singh, Opt. Commn. 284 (2011) 4951; Ravi S. Singh, 
Quantum Optics: Polarization States of Light, D. Phil. Thesis-2003, University of Allahabad, Allahabad, India; H. 
Prakash, Naresh Chandra, R. Prakash and Ravi S. Singh, Current Trends in Atomic and Molecular Physics, Ed: 
Rajesh Shrivastva, Phoenix Publication, New Delhi, 2001. 
 [40] R. J. Glauber, Phys. Rev. Lett. 10 (1963) 84; E. C. G. Sudershan, ibid, 10 (1963) 277. 
[41] A. Ourjoumtsev et al., Nature Physics 5 (2009) 189; N. Sangouard et al., J. Opt. Soc. Am B 27 (2010) A137. 
[42] V. V. Dodonov, I. A. Malkin, and V. I. Man’ko, Physica 72 (1974) 597. 
[43] For usual polarized light, the criterion Eq.(8) is satisfied with n = 1 in any arbitrarily chosen elliptic polarization 
basis ε, εA, although IOP is trivially variant for different bases and depends on ε	 (see Eq. 3) but the value of 
order, n = 1 remains unaltered. 
[44] Ravi S. Singh, Sunil P. Singh, Lallan Yadava and Gyaneshwar K. Gupta Higher (2nd)-order polarization-Wigner 
function for ’even’ entangled bi-modal coherent states, (unpublished). 
 
